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Introduction
Much consideration has been given recently to synthesis and investigation of polymers PHAs can be divided into three groups: shortchain-length PHAs (PHA SCL ), medium-chainlength PHAs (PHA MCL ), and long-chain-length PHAs (PHA LCL ). PHA SCL consist of 3 -5 carbon atoms (C 3 -C 5 ), PHA MCL consist of C 6 to C 14 , and PHA LCL consist of C 17 to C 18 and more carbons.
The most extensively studied PHAs are shortchain-length ones -polyhydroxybutyrate (PHB) and hydroxybutyrate (HB) -hydroxyvalerate (HV) copolymers (PHB/PHV). Active studies of PHA MCL and PHA LCL were started quite recently and there are still very few data on producers capable of synthesizing multi-component PHAs, consisting of short-and medium-chain-length monomers (PHA SCL+MCL ).
Over 300 various PHA producers have been described, but just a few have been found to be able to synthesize PHA SCL+MCL . These are such wild-type strains as Pseudomonas sp. А33, which synthesizes HB copolymers with various monomers, from C 12 to C 16 (Lee et al., 1995) ;
Pseudomonas putida GPo-1, which synthesizes medium-chain-length PHAs of various compositions (Hartmann et al., 2004) ; Thiococcus pfennigii, Aeromonas hydrophila, Aeromonas caviae, and Ectothiorhodospira shaposhnikovii, which synthesize HB-hydroxyhexanoate (HHx) copolymers (Liebergesell et al., 1993; Doi et al., 1995; Chen et al., 2001; Qiu et al., 2004; Zhang et al., 2004; Han et al., 2005) ; Aeromonas punctata and Wautersia eutropha (formerly known as Ralstonia eutropha (Vaneechoutte et al., 2004) , which synthesize PHAs with carbon chains containing 4 to 8 carbon atoms (Liebergesell et al., 1991; 1993; Volova et al., 1996; (Tanaka et al., 1995; Fukui, Doi, 1998; Bormann and Roth, 1999; Ishizaki et al., 2001; Volova et al., 2002) . The predominant monomer in the PHAs of Wautersia is HB; another monomer, HV, can amount to 80-90 mol% under specified conditions ; however, reported levels of HHx and HO do not exceed 1-2 mol% (Liebergesell et al., 1991; Dennis et al., 1998; Antonio et al., 2000; Green et al., 2002) . (Zavarzin, 1972) -in Russia. Bacteria were batch-cultured under strictly aseptic conditions using Schlegel's method (Schlegel et al., 1961) in 1-l flasks filled to 50% of their volume, on a thermostatic shaker; we used our procedure promoting PHA synthesis, which was described elsewhere .
Under autotrophic conditions, the carbon source was CO 2 and under heterotrophic conditions -fructose. Bacteria were cultured in standard X-ray structure analysis was conducted using a D8 ADANCE X-ray spectrometer (Bruker, Germany) (graphite monochromator on a reflected beam). To determine the degree of crystallinity, C x , spectra were taken in a scan-step mode, with step 0.04 0 , exposure time 2', to measure intensity at point. The operating mode of the instrument was 40 kV×40 μА.
Results and Discussion
In the autotrophic culture, when bacteria were grown on a sole carbon substrate (CO 2 ) and their growth was limited by nitrogen deficiency, polymer yields produced by the both strains were almost identical. After 48 h of fermentation, strains H16 and B5786 yielded 5.8 and 6.1 g/l of biomass, respectively, the final polymer concentration being 63.0 and 61.4%. In the polymer synthesized by both strains, the predominant fraction was that of containing long-chain-length monomers as the major ones, is rather problematic.
In this work we cultured bacteria in accordance with the procedure that we had developed before [28] , which took into account that monomers with different number of carbon atoms were incorporated into the polymer at various rates and that fatty acid salts added to the culture as co-substrates were toxic to bacteria.
Dynamics of synthesis and composition of PHAs
produced by the studied strains varied depending upon the length of the carbon chain of the added co-substrate (Fig. 1) .
After the 12-h culture was supplemented with valerate (at X 2.7-2.8 g/l and polymer content 22%) (Fig. 1, C 5 ), the biomass yields of both cultures increased to 4.1-4.8 g/l and polymer yields to 48.9-63.8%. At the end of the experiment, intracellular polymer content exceeded 90%. Both strains synthesized 4-and 5-component polymers.
The major monomers were HB and HV and the minor ones -HHx, HHp, and HO. However, HHx and HO were not regularly registered. Percentages of PHA fractions varied depending on how much time had passed after addition of a co-substrate (Fig. 1, C 5 ). The composition of recovered and purified PHAs (36-h and 48-h cultures) was the same as that of biomass samples (Table 1) . By varying amounts of added valerate and time of the subsequent culture, we managed to induce both strains to synthesize PHAs containing up to 85 mol% HV (Table 2) .
Bacteria grown on the CO 2 -heptanoic acid mixed substrate (Fig. 1, C 7 ) synthesized polymers that mostly consisted of HV and HB. HHp fractions were insignificant (below 2 mol%) and HHx and HO inclusions were small and unstable (Table 1) .
Qualitative composition of polymer samples was the same as that of biomass samples (Table 1) and varied depending on culture duration. Polymer yield was similar to that in the above-described experiment with valerate (over 90%).
When the strains were grown on mixtures of CO 2 and salts of fatty acids with even number of carbons, they synthesized multi-component PHAs of other compositions.
With hexanoate as a co-substrate, both strains synthesized PHAs with HB and the medium-chainlength HHx as the major fractions (Fig. 1, C 6 ).
Polymer accumulation pattern was characteristic of autotrophic culture, and the polymer had the maximal HHx content (up to 13 mol%) in 24 h after the addition of the fatty acid. By that time, intracellular polymer content had exceeded 50%.
In addition to HHx, the polymers also contained HO (0.6-0.8 mol%) and HV (2.05-3.74 mol%).
At the end of the experiment, intracellular
polymer concentration reached 70%; the HHx fraction decreased to 11 mol%, the HV fraction to 2.0-2.8 mol%, while the HO content remained unchanged -0.6-0.8 mol%. The compositions of the recovered and purified polymers synthesized by the two strains were identical and did not differ from those of biomass samples (Table 1) .
The increase in HO may indicate that monomer precursors can be formed in the cell not only due to fatty acid oxidation but also in the course of acyl chain elongation.
Addition of octanoate, which is more toxic for the strains, inhibited culture growth and polymer synthesis even at concentration 0.5 g/l (Fig. 1, C and HO -1.0 -1.2 mol%, for B5786 and H16, respectively (Table 1) .
Thus, in experiments with two strains it was
shown for the first time that multi-component PHAs, containing short-and medium-chain-length monomers, can be synthesized on a complex carbon substrate (CO 2 + a fatty acid). In addition to
PHAs with hydroxybutyrate and hydroxyvalerate as predominant monomers, we also prepared PHA samples that contained hydroxyhexanoate as a major component.
When the same culture procedure was used to grow bacteria on heterotrophic substrate (fructose + a fatty acid), both strains synthesized three-component PHAs that contained more than 97 mol% HB and minor fractions of HV and HHx, no matter what co-substrate was used (Table 1) .
One exception was the experiment with valerate as a co-substrate: a three-component PHA with HV amounting to 26 mol% and HHx as a minor component was synthesized.
To illustrate, Fig. 2 shows two chromatograms of PHAs recovered from H16 culture with heptanoate and B5786 culture with octanoate and mass spectra of all the 5 monomers, which confirm their identity.
By culturing bacteria autotrophically and varying amounts of added acids with even and odd number of carbons and fermentation duration, we managed to obtain a family of short-and mediumchain-length PHAs, whose physicochemical properties are presented in Table 2 . These results confirm our earlier evidence that the presence of the HV fractions is a significant factor in redistribution of the amorphous and crystalline phases in the polymer, reducing the degree of crystallinity. However, these changers are only caused by HV fractions from a few mol% to 25- Fig.2 . Fig. 2 . Ion chromatograms of polymers extracted from Wautersia eutrophа H16 biomass supplemented with heptanoate (above) and Wautersia eutrophа B5786 supplemented with octanoate (mirror below) and mass spectra of respective monomers -HB with retention time 7.37, 30 mol%, the presence of HV over 50 mol% does (Wei et al., 2001) is that qualitative composition of a PHA is determined by substrate specificity of its PHA synthase (polymerase), a key enzyme of the PHA cycle. Analysis of amino acid sequences of the W. eutropha B5786 synthase and comparison with the primary structure of the W. eutropha Н16 synthase showed a very high homology (99%) and revealed quite insignificant differences in the primary structures of the synthases of these two strains, which are located in the short non-identical fragment of the Cterminal domain, between the 561 and 572 amino acid sequences (Kozhevnikov et al., 2005) .
It has been reported that W. eutropha can successfully produce not only PHB but also a copolymer -poly(HB-co-HV) Shang et al., 2004) . Incorporation of monomers of carbon numbers over five was observed only under inhibition of β-oxidation of fatty acids (Green et al., 2002) or in specially constructed strains (Dennis et al., 1998; Antonio et al., 2000) . Our wild-type strain accumulates up to 45% poly(HB/ HHx), with the HHx fraction 10-13 mol% (Qiu et al., 2004; Han et al., 2005; Qiu et al., 2006) . Our results show that both of our study strains, when cultured mixotrophically, produce a polymer of a composition, which is not inferior in quality to the polymer of A. hydrophyla.
In summary, it can be concluded that in 
